Many-body phenomena are ubiquitous in solids, as electrons interact with one another and the many excitations arising from lattice, magnetic, and electronic degrees of freedom. These interactions can subtly influence the electronic properties of materials ranging from metals, 1 exotic materials such as graphene, 2, 3 and topological insulators, 4 or they can induce new phases of matter, as in conventional 5 and unconventional superconductors, 6-9 heavy fermion systems, 10 and other systems of correlated electrons. As no single theoretical approach describes all such phenomena, the development of versatile methods for measuring manybody effects is key for understanding these systems. To date, angle-resolved photoemission spectroscopy (ARPES) has been the method of choice for accessing this physics by directly imaging momentum resolved electronic structure. 2-4, 6, 7, 9 Scanning tunneling microscopy/spectroscopy (STM/S), renown for its real-space atomic resolution capability, can also access the electronic structure in momentum space using Fourier transform scanning tunneling spectroscopy (FT-STS Non-interacting electrons in a crystal occupy quantum states with an infinite lifetime and band dispersion (k) set by the lattice potential. Interactions with the other electrons and elementary excitations of the system scatter the electrons, resulting in an altered dispersion relation E(k) and a finite lifetime. These many-body effects are encoded in the complex self-energy
Non-interacting electrons in a crystal occupy quantum states with an infinite lifetime and band dispersion (k) set by the lattice potential. Interactions with the other electrons and elementary excitations of the system scatter the electrons, resulting in an altered dispersion relation E(k) and a finite lifetime. These many-body effects are encoded in the complex self-energy Σ(k, E) = Σ (k, E) + iΣ (k, E). The imaginary part Σ (k, E) determines the lifetime of the state and is related to the scattering rate. The real part Σ (k, E) shifts the electronic dispersion E(k) = (k) + Σ (k, E). The tools available for studying energy and momentum resolved selfenergy are limited. 15 For example, bulk transport and optical spectroscopies provide some access to k-integrated self-energies while ARPES accesses k-resolved information for only the occupied states. It is therefore important to develop a more extensive suite of versatile techniques, especially in the context of complex systems that remain poorly understood from a theoretical perspective.
STM/STS accesses momentum space electronic structure by imaging real-space maps of the modulations in differential conductance (dI/dV ), which is proportional to the local density of states (LDOS) of the sample. These modulations arise from the interference of electrons scattered elastically by defects, and contain information about the initial and final momenta that are accessible by a Fourier transform of the real space map. As the electrons are dressed by interactions, the momentum space scattering intensity map is often referred to as the quasiparticle interference (QPI) map. The dominant intensities in a QPI map occur at scattering wave vectors linking constant energy segments of the band dispersion. By tracking the energy dependence of these peaks, the electronic dispersion E(k) can be obtained. This technique has been used to map coarse dispersions in many materials 16, 17 and to examine scattering selection rules. 16, 17 While the influence of many-body effects in FT-STS has been postulated since early reports, 29 the direct influence on dispersion and a quantitative account of self-energy effects were missing. Here, we extend this technique to the examination of fine structure in the E(k) due to many-body interactions.
The two-dimensional Shockley surface state of the noble metal silver Ag(111) was selected as an ideal system for demonstrating the quantitative capabilities of FT-STS. The Ag(111) surface state is well characterized, and while it exhibits distinct many-body effects, it lacks the complicated interplay of interactions that appear in many complex modern materials. 1a for the map at E = E F ) with circular LDOS modulations arising from scattering from point-like CO adsorbates, and vertical modulations produced by step-edge reflections. The small terraces on the surface produce subtle confinement effects not representative of the pristine surface state. In order to access intrinsic surface properties, we removed their contribution by setting dI/dV in this region to the average value over the entire image. The ability to isolate regions of interest in this way is unique to STM/STS, as probes such as ARPES would average over these domains. Fig.   1b shows a typical dI/dV spectra, averaged over a defect free region. The momentum space QPI intensity map S(q, E F ) (Fig. 1c ) exhibits a ring of radius q(E F ) = 2k(E F ), as expected for a free-electron-like dispersion where back scattering is dominant. 30 A line profile S(|q|, E F ) of the QPI map is shown in Fig. 1d , where we have performed an angular average of S(q, E F ) in the regions above and below the dashed lines. This restriction isolates the contributions of the pointlike CO scatterers. The momentum space resolution ∆q ∼ 0.0026Å −1 is set by the dimension of the map ( 239 × 239 nm 2 ) while the energy resolution ∆E = 4k B T = 1.5 meV is limited by thermal broadening of the tip and the sample.
We now examine the detailed electronic structure of the Ag(111) surface state by consider-ing the full energy dependence of the angle-averaged profile S(|q|, E), as shown in Fig. 2a . A parabolic band dispersion is evident over a wide energy range while the QPI signal intensity exhibits a monotonic decrease from the onset of the surface state to higher energy. From the data we extract µ = 65±1 meV and m/m e = 0.41±0.02, consistent with previous measurements. 18, 20, 23, 24 These values define the bare dispersion in the absence of e-ph coupling. Deviations from this dispersion, as well as an enhanced QPI signal intensity, are evident in the vicinity of E F , shown more clearly in the inset of Fig. 2a . A similar increase in QPI signal intensity was observed near E F in one of the first FT-STS reports on the Be(0001) surface state 11 and the e-ph interaction was later proposed as a possible origin. 29 To identify the source of these deviations and to assess the QPI signal we modeled the system using the T-matrix formalism, considering scattering from a single CO impurity in the unitary limit (see methods). The e-e interaction was handled within Fermi liquid theory while the e-ph interaction was treated within standard Migdal theory 1 with the phonons described by the Debye model (Debye frequency Ω D = 14 meV, dimensionless e-ph coupling strength λ = 0.13). Within these approximations the self-energy Σ(E) is a function of energy only. The resulting simulated QPI intensity is shown in Fig 2b. The model closely reproduces both the coarse and fine details of the data. The overall monotonic decrease in QPI intensity is linked to the group velocity of the bare electronic dispersion and is not related to many-body effects. However, the increase in the intensity near E F and the deviations from the parabolic band dispersion arise from the e-ph interaction.
We now perform a quantitative analysis of the self-energy. For reference, Fig. 3a shows the e-ph self-energy for the same values of Ω D and λ used in Fig. 2b . To extract Σ(E), a Lorentzian was fit to the data in the vicinity of the peak to obtain both the QPI peak position and height. (See methods. An example fit is shown as the dashed line in Fig. 1d.) A plot of the QPI peak height reflects the behavior of Σ (E) as shown in Fig. 3b , where we compare the data with the model.
Here we have normalized both sets of data (as described in the figure caption) in order to eliminate the role of the tunneling matrix element in setting the scale of the experimental data. There is good agreement between the model and experiment apart from a slight deviation ∼ 20 meV, which we attribute to a set point effect below q F = 2k F . 23 The decrease in −Σ (E) within Ω D = 14
meV of E F produces the non-monotonic variation in peak height superimposed over the group velocity dependence. This is due to the closing of the phonon scattering channel at energies below the characteristic phonon frequency, resulting in longer-lived quasiparticles near E F . We note that the value Ω D required to reproduce the data is close to the value for the top of the bulk acoustic branches. 28 The real part Σ (E) can be estimated from the data by taking the difference between the measured peak position and the parabolic dispersion. The result is shown in Fig. 3c , where peaks in Σ (E) occur in the data at the same energy scale reflected in Fig. 3b . The dimensionless strength of the e-ph coupling λ can be estimated from dΣ /dE| E=E F . 1 We obtain λ = 0.13 ± 0.02, consistent with previous estimates.
21, 23
Our FT-STS results provide a stunning visualization of the subtle modifications in dispersion and scattering intensity arising from many-body interactions in a simple system. This method provides high resolution in both momentum and energy that is competitive with state-of-the-art Theory: Calculations were performed using the T -matrix formalism for scattering from a single impurity. 30 The QPI intensity is given by the impurity-induced LDOS modulations
Here T = −V 0 sin(δ) exp(iδ) is the T -matrix, where δ = π/2 is the phase shift (unitary limit), V 0 is the scattering potential. The Green's function is given by
.41m e , µ = 65 meV) is the dispersion of the surface state and Σ(ω) = −iη − iγω 2 /2 + Σ e−ph (ω) is the self-energy. Here η = 2.5 meV is the lifetime broadening due to scattering from the terraces, γ = 62.7 meV is the e-e interactions, 24 and Σ e−ph (ω) is obtained from a Debye model with Ω D = 14 meV and coupling strength λ = 0.13. 2 area at E = eV = 0 meV (tip height set at V = 100 meV, I = 200 pA). LDOS modulation due to scattering at step edges and CO adsorbates are visible.The areas around the step edges were removed as discussed in the text. Furthermore, a tip change induced stripe was corrected by a line-by-line subtraction of the average line value that excludes CO impurities. (b) Average dI/dV spectrum from a defect free area with a total size of 100 nm 2 .The particlehole symmetric steps at E F likely originate from an inelastic co-tunneling pathway via phonon modes polarized perpendicular to the surface.(c) Absolute value of the Fourier transform (power spectrum) of the dI/dV map (E = 0, panel a) showing a ring with radius q = 2k F where q is the scattering vector. The increased intensity along the q x direction originates from the step edge contributions. (d) The QPI line profile S(q, E = 0). This is obtained by integrating (c) within the range above and below the dashed lines in order to isolate contributions from the CO adsorbates. The scattering peak is slightly asymmetric with an enhanced intensity at low q, which is more pronounced at higher energies. Scattering peak positions and heights were obtained by fitting the line profiles as shown in (a) within a range of ±0.01Å −1 around the peak position (dashed line). Fig. 2b . (b) Scattering peak height S 0 (q, E) as a function of energy determined experimentally (dots) and theoretically (solid line). The theory curve has been normalized to the value at E = 0 while the experimental data had been normalized to the average value over the window [−5, 5] meV. The overall decrease of the scattering peak height with increasing energy is related to the energy dependence of the group velocity. The increased intensity at E F ± 14 meV is caused by a dip in −Σ due to the e-ph interaction. This relationship opens up a new way to experimentally obtain Σ . (c) Real part of the self energy determined from the difference between the scattering peak position E(k) and a parabolic fit (q). The solid line corresponds to the theoretically determined Σ as presented in (a). Calculated and measured self-energy real part agree well, demonstrating that FT-STS is an alternative tool to obtain Σ (ω).The dashed lines at ± 14 meV in (a) to (c) indicate the position of the Debye energy Ω D .
